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CONVERSION FACTORS

Physical To convert from To metric
Quantity units in report (SI) units Multiply by

Mass pound kilogram (kg) .454
ton kilogram (kg) 0
kton kilogram (kg) 106

Energy ton joules (J) 4.2 x 109
kton joules (J) 4.2 x 1012
Mton joules (J) 4.2 x 1015

*Pressure bar* pascal (Pa) 10,

psi* pascal (Pa) 6895.

Density gm/cm kg/rn10

Length foot meter (in) .3048

**1 bar = 14.5 psi
1 psi = .06895 bar

2
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SECTION 1

INTRODUCTION AND SUMMARY

1.1 BACKGROUND

The airbiast from near-surface explosions can induce motions

in the ground which will damage structures near the surface.

Predictive calculations of airblast-induced ground motion have

generally assumed that: (1) the air/ground interface acts as an

impermeable membrane and (2) any effects of air contained in the

ground are incorporated in the pore crush-up portions of the

constitutive equations used to model the stress-strain response

of the ground material.

Observations and measurements from several field and

laboratory experiments suggest that a more complex multiphase-

interaction between the air and soil occurs which may substan- -

-: tially influence near-surface ground motion wave forms. In

particular, some vertical velocity records from several HE field
12tests, e.g., MISERS BLUFF 11-2 anid PRE-MINE THROW IV-6 ,exhibit

an enhanced u~pward vlocity immediately following the initial

airblast-induced downward motion. Also, laboratory experiments

show the development of upward soil motions during positive air
3

0_ overpressure loading ; this motion was shown to be related to the
flow of the air through the soil pores.

Porosities of soils may be 30-40%, which means that the

solid soil particles form a "lattice" or connected network which

contains 30-40% pore volume filled with air anid/or water. For

dry soils, pore-air effects refer to phenomena related to the

p 13
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soil pores being filled with air and interacting with the solid

soil particles.

In this study, the effects of pore-air on ground motions in

dry porous soils are numerically simulated in one space dimension

and time. Also, experimentally observed ground motions involving S

enhanced vertical velocities are explained using two-phase (soil
and air) physics including the flow of air through the soil

pores, and fluidization of the soil.

1.2 OBJECTIVES AND APPROACH

The numerical simulations use the multiphase DICE code4

which has previously been applied to nuclear burst problems
involving soil-air interactions above the ground surface.* The

mixing of solid/liquid soil particles with the atmosphere and

fireball generally involved dust/pebble concentrations which were

comparable to the air density (P -10 - 3 gm/cm3 ) or lower. Thus, 04,

most of the soil-air flow/interactions were in the aerodynamic

drag regime. However, the current investigation involves the

near-surface soil material which has an initial soil density of

-2 gm/cm3.

The research objectives were to:

1. Develop and implement a consistent flow/interaction
(i.e., generalized drag) model involving soil and
pore-air constituents for all soil to air density .--
ratios. ....

*The soil material was injected into the atmosphere as dust/pebble -
particles using analytical models for crater ejecta (in surface
bursts) or surface sweep-up of soil particles (in air bursts).

14
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2. Numerically simulate and analyze the pore-air
phenomenology and induced ground motions in one space
dimension at the 100 psi peak overpressure range after a
1 Mt burst on porous soils with various permeabilities.

3. Perform and analyze cases which could be compared with
laboratory and field test experimental data.

A model describing the soil-air interaction and flow has

been developed and implemented in the multiphase DICE code. The

flow/interaction model specifies the internal mutual interaction .]

forces between the soil "lattice" and the pore-air as a function

of relative velocity, soil porosity, and a characteristic soil

particle size. The model is described in Section 2.3.

Table 1.1 summarizes the five cases performed and analyzed.

*"-" In Cases 1 through 4, vertical ground motions are numerically

' simulated for homogeneous porous soils which vary in initial

* permeability* by a factor of 8. The airblast history (100 psi

peak overpressure) applied to the soil surface is similar to a
51 Mt ideal airblast history (see the bottom of Table 1.1). Case

5 is a calculation of the vertical ground motions corresponding

to one location in the HE multiburst experiment MISERS BLUFF 11-2

(see Section 4). Three ground material layers were modeled based

on measured material properties including hysteretic load-unload

paths. The measured airblast loading used in the calculation is

also shown on Table 1.1.

Cases 1 to 4 are described and compared to laboratory

vertical shock tube tests3 in Section 3, and Case 5 is described

*Note that the soil permeability (k) depends on both porosity and
the characteristic particle size (Dp) as described in Section
2.3. Therefore, D will be used to show differences in
permeability for te various cases, where k a D2 .

15 . L'
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and compared to the MISERS BLUFF measured ground motions in

Section 4. Multiphase flow theory and DICE code modeling

techniques are described in Section 2.

1.3 SUMMARY OF RESULTS .
Pore-air phenomena were studied by Zernow et al. 3 in a

series of laboratory experiments. The experiments involved the

use of a shock tube to load the surface of a column of sand with

overpressure histories similar to the positive Rhase of the ideal

airblast at the 100 psi range from a 1 Mt nuclear burst. The

motion of the sand column was observed photographically. The

DICE numerical simulation Cases 1 to 4 had a similar overpressure

loading function applied at the soil surface.

Figure 1.1 shows the surface displacements observed in the

laboratory experiments compared to those calculated in DICE Cases

1 and 2. The 1.78" diameter orifice experiments (see Section 3)

had a faster decay rate in the airblast loading compared to the
1.36" diameter orifice experiments, as shown below:

Airblast Loading 80 ,cn

"' 4 1.78" Diameter Orifice

17 36" Diameter Orifice -n 40 co

tU.

uul

0 0.2 0.4 0.6 0.8
TIME (SEC)

17
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25.0

22.5 DICE Case 1 0

20.0
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15.0 (D =0.05 cm) .

:. 00

00
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The result is an earlier upward motion of the main sand column

(-.200 s compared to -.400 s) and higher velocity (-75 cm/s
compared to -45 cm/s) for the 1.78" diameter orifice experiments.

Maximum heights of nearly 20 cm are attained by the lofted sand.

In the absence of a sustained upward force acting on the sand,

the initial lofting velocity needed to reach 20 cm height is
V = /-gH -200 cm/s. Thus, the experimental and numerical results .

provide convincing evidence of the sustained application of an

upward force associated with pore-air phenomena.

The surface displacement in Case 1 is similar to the 1.78"

diameter orifice experiment. Both surfaces start to move upward

at t -.200 s and maintain an approximately constant upward

velocity until t -.400 s. The continuing rise of the soil

surface in Case 1 above the experimental curve is due to the

longer duration of the airblast loading function used in the

numerical simulation.

The upward surface displacement in Case 2 also begins at

t -.200 s, but a smaller constant upward velocity develops. The

smaller displacements and velocities compared to Case 1 are

indicative of a smaller sustained upward force resulting from the

per eability dependence of the internal interaction (drag)

forces. The factor of 2 smaller characteristic particle size

used in Case 2 yields a factor of 4 decrease in modeled

permeability compared to Case 1.

The fact that the soil surface displaces upward during the

positive air overpressure loading on the surface is a pore-air

flow phenomenon. High pressure air flows into the porous soil

from the airblast loading on the surface. As air flows or

permeates downward through the soil pores, the pore-air pressure

p 19
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. . ..

increases and the total applied pressure load supported by the
solid soil particles decreases. Thus, P a Psoil + Pairtotal sol ar
Fluidization of the soil occurs when the soil particles lose

contact with each other and the total pressure .s entirely

supported by the pore-air. Once fluidization occurs, the

fluidized soil displaces upward (with respect to the unfluidized

soil). These phenomena are described in more detail in Section

3.2 for Cases 1 to 4 and illustrated on Figures 1.2 and 1.3.

Figure 1.2 shows the pressure and velocity versus depth

profiles at t - .200 s for Cases 1 and 2. The pressure profiles

(at top of figure) show the extent of fluidization to be -40 cm

in Case 1 and -25 cm in Case 2. The velocity profiles (at bottom

of Figure 1.2) indicate that there is an upward acceleration of

the soil material associated with fluidization. The soil is

moving downward at a constant velocity of -23 cm/s below the
fluidized region. The air is permeating down through the soil

below the fluidized region, and is flowing up and out of the soil

in the fluidized region. For the more permeable soil modeled in

Case 1, the air has larger downward velocities and flows through

the soil pores to greater depths. A greater relative velocity

between the air and soil is also present in the fluidized region

for Case 1 as compared to the less permeable soil in Case 2.

Figure 1.3 shows the pore-air overpressure and soil particle

velocity versus time at various depths in the soil for Case 1.

At a given depth, the air overpressure gradually rises to a peak

and then decays to a level approximately equal to the applied

surface overpressure at which time the soil becomes fluidized.

The soil velocity histories (Figure 1.3b) show that up to

t - .100 s the entire soil column essentially moves downward as a

". rigid body. Fluidization at each station depth becomes apparent

200
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after this time when the soil flowing at that depth suddenly

* . accelerates its velocity above the velocity of the soil column

below that depth.

The progression of fluidization down through the soil column

* . is shown on Figure 1.4a for Cases 1 to 4. For Case 1 the

"fluidization front" moves down the soil at '-4 m/s. The

fluidization front moves more slowly at -'2 rn/s for the less

permeable soil modeled in Case 2. In Case 3, the soil at a given

* . depth is fluidized earlier than in Case 2 because there is no

*lithostatic pressure distribution (g 0) in the soil to be

* overcome by the pore-air before fluidization occurs. A fluidiza-

tion front velocity of -7 rn/s is predicted for the highly .-

permeable soil in Case 4. -

Figure 1.4b shows the calculated peak air overpressure

arrival times versus depth for Cases 1 to 4; the experimental

data are also shown for comparison. The more permeable soils

allow air to travel faster down the soil pores, causing earlier

arrival times for the peak ovepressure. The slope of the peak

arrival time versus depth curves for Cases 1 to 4 are quite

similar to the soil fluidization time versus depth curves in

Figure 1.4a. For each case there is a delay of -.080 to .120 s

after the arrival of the peak overpressure at a given depth until

* soil fluidization begins at that depth.

* The MISERS BLUFF 11-2 experiment involved the simultaneous

* . detonation of six high-explosive charges forming a hexagon 100 m

-on a side. An approximation to the airblast measured at 25 m

radius from the center of the hexagon was used in Case 5 as the

overpressure loading function. In this case, the airblast

23
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Figure 1.4. (a) Time of Fluidization Versus Depth for Cases 1 to 4
and (b) Comparison of Calculated (Cases 1 to 4) and
Observed (Zernow et at., 1973) Time of Arrival of Peak
Overpressure at Various Depths.
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included a negative overpressure phase beginning at t -. 150 s and

. returning to zero overpressure at t -.400 s.

The material properties for the MISERS BLUFF 11-2 calcula-

tion (Case 5) involved three soil layers including hysteresis and -

the associated variation in load-unload constrained moduli. The
initial soil permeabilities in Case 5 were much smaller than in

Cases 1 to 4 where the initial permeabilities were in the 102

103 Darcy range (1 Darcy - 9.87 x 10 9 cm2). In Case 5, the

initial permeabiities were different in each soil layer - k .04

Darcy for the top layer, k - 69 Darcy for Layer 2 and k - .003

Darcy for Layer 3. The low permeability in the top layer limited

the amount of high pressure air which flowed into the soil.

Also, the internal interaction forces between the air and soil

particles (i.e., drag) increased with the decrease in

permeability, so that the relative air-soil velocities were

nearly zero.

Sustained upward velocities and fluidization of the MISERS

BLUFF 11-2 soils occurred primarily because of the negative

overpressures in the airblast and the associated expansion of the

..ore-at in the soil; the pore-air expands so that pressure

equilibrium can be attained with the applied airblast pressure.

If the soils were not hysteretic, this fluidization would begin

when the negative overpressures were first applied to the

incohesive soils. The hysteresis in the soils, however, permit

fluidization to occur at small positive overpressures since the

soil irreversibly compacts and cannot support stresses, upon

unloading, at soil densities slightly above the initial density.

Various ground motion gauges originally at 0.5 m depth and

25 m radius in MISERS BLUFF 11-2 measured the vertical velocity

25
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(and thus displacement) time histories. Figure 1.5 compares the -

experimental vertical velocity and displacement data with the

Case 5 predictions of a tracer particle originally at 0.5 m

depth. The sustained upward velocity from t -. 150 s to beyond

" t -.400 s demonstrates the important role of pore-air phenomena

during the negative overpressure phase in low permeability soils.

1.4 CONCLUSIONS AND RECOMMENDATIONS

1. Large sustained upward velocities can develop in

near-surface soils subjected to airblast loading due to soil

fluidization caused by pore-air phenomena.

2. In the laboratory experiments3 involving relatively high

soil permeabiilties, the 100 psi peak overpressure airblast

caused air to flow through the soil pores, thereby increasing

pore-air pressures which resulted in soil fluidization during the

positive overpressure phase. Peak pore-air flow speeds of
-15 m/s are predicted, and the soil fluidization front propagates

at -4 m/s (Case 1).

3. In the MISERS BLUFF 11-2 field experiment involving low

soil permeabilities and almost no pore-air flow, soil fluidiza-

tion and sustained upward velocities occurred during the negative

overpressure phase as the pore-air in the soil expanded to reach

pressure equilibrium with the low airblast pressure.

4. The DICE code numerical simulations (Cases 1 to 5)

reproduced the phenomenology observed in the laboratory and field

experiments. The relatively simple models used for soil

permeability and internal interaction forces (drag) were adequate

for quantitatively reproducing the experimental data; however,
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Figure 1.5. (a) Vertical Velocity and (b) Vertical Displacement
Time History Comparisons, Case 5 Versus MISERS BLUFF 11-2
Experimental Data at 25 m Radius and 0.5 m Initial Depth.
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I.

the in-situ soil permeability is a sensitive physical parameter

and careful measurements and model calibrations will be necessary

before quantitative predictions and associated uncertainties of

ground motions can be made concerning strategic/tactical sites of

interest.

5. The following recommendations are suggested:

e Evaluate the pore-air and associated soil fluidization
effects on ground motions for peak overpressures up to
1 kbar -15,000 psi.

• Obtain in-situ soil permeability measurements for
strategic and tactical sites of interest.

e Extend the pore-air analysis capability to pore-air-water
environments since most soil pores contain some water;
and in fact, many cases of interest involve saturated or
nearly saturated soils below some depth.

* Analyze the importance of pore-air and soil fluidization
phenomena in two space (2-D) dimensions for propagating
airblast waves which interact with surface dust/pebble
material. (See following sketch.) Both experimental and
theoretical analyses should be conducted.

Air Velocity Vectors Air Shock

Air-Only Airblast .

Reg ion

Du Undisturbed
RegionAir

Surface~LEx e t L of Fluidized Su f ce0.1' .""

/ .' ""., :. 5 __. 
:' -  

/ Airblast- lndijced

. j ° E x t e n t o f P o r e -A i

Flow into Soil Und sturbed ,)I! , ,

Schematic of Two-Dimensional Soil-Air
Interactions Behind Air Shock
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SECTION 2

MIULTIPHASE THEORY

2.1 GOVERNING PHYSICAL EQUATIONS - GENERAL FORMULATION

Consider a bounded volume nl with surface area S which
contains physically distinct material phases. Distinct phases

can include solid, liquid and/or vapor phases as well as

individual phases distinguished by particle type/size. If the

volume of each phase is where k I to K, then

k= 1,Kk

or

k=l,K k-lKk

where

nk n is the Volume Fraction. (2.1)

* The continuum mechanics concept of a mass density for each phase

is assumed. Thus, as a test volume 0' and associated phase

volume n'become small, the mass M' and the average and localk k
*densities are related by

P lim (P/~ is average densityk n -0 k

i n p / is local density

f)." .-..' .

... . 'm. .. .. ... .

n -0.o

SCI29:...



The total mass density is then

=total Pk - EPj (2.2)

k=l,K k=l,K

The dynamic physical equations for each phase (and thus for

the entire multiphase system) involve identical considerations

concerning conservation of mass, momenta and energy. For

simplicity, and without any loss in generality, the subscript k

for each phase will be dropped in the following derivation.

Thus, the mass, momenta and energy of any one material phase in a

volume 0 are given by

M(t) = fpdV P

i i:i

MOM (t) = fpu dV = fpddV (2.3)
n n

EN(t) = p(e + -,j )d pEdV ...-

where 9

p is the average density of one phase (p =v),

u is the local velocity vector of one phase,

e is local specific. internal enerav of one phase, and

E is specific total energy u e + u u. of one phase.

The summation convention on repeated indices is assumed, and a

comma preceding an index will indicate covariant differentiation.

300
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The dynamic equations of motion will be derived for arbi-

trary changes in the volume Q = Q(t) since the DICE code uses an 9

expanding computational grid which is not coupled to the material

particle velocity. The horizontal and vertical grid lines are

permitted to move with arbitrary velocities, u Thus, in

general, the volume nl and surface area S of the computational

cells will vary with time in a prescribed fashion. The following

fundamental equation relates the time derivative of a volume

integral to the arbitrary surface velocity u (Ref. 6, Eqn. 81.4):
S0

d/dt flrdV = fDr/t dV + fjPu~dA. (2.4)
A n S

where P = $(x ,t) is an arbitrary tensor and dA is the outward

surface vector.

Equations (2.3) and (2.4) can be used to obtain the dynamic

mass, momentum and energy equations in terms of volume and

surface integrals. The approach for the mass gcLuation is

indicated below.

Letting p in Equation (2.4) gives __

dM(t)/dt fp/ t dV + fpu dA (2.5)
n s S

The usual global conservation of mass equation in integral :

form is obtained by letting u i.e., the surfaceS moves
SS

with the particle velocity u and therefore the mass contained in

n(t) is constant if there are no mass sources. Thus,

0 = fap/t dV + fpuidA. (no mass sources in
n S Lagrangian frame)

31
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If there are mass sources for this phase, for example from the

vaporization of a solid phase to apor phase, then the mass

* source term can be written as

dM(t)/dt = f+ dV (mass source term in (2.6a)
n Lagrangian frame)

where is the mass source per unit volume. Thus, one form* of

the dynamic mass equation is

f p+JdV = fDp/Dt dV + fpudA (Lagrangian frame) (2.6b)

n n S

Subtracting Equation (2.6b) from Equation (2.5) and rearranging

terms, we obtain -

dM(t)/dt E d/dt fpdV = fp(uS - u )dA. + f dV (2.7)
n(t) S(t) n

Equation (2.7) is the integral form of the mass equation for

an arbitrary moving volume n(t).

In a similar fashion, the momenta and energy equations are 1P

obtained. However, surface and body forces acting on S(t) and in

n(t) must now be considered since these forces generate momenta

and energy. The surface forces per unit area are obtained from a

material stress tensor a which for hydrodynamic problems is

*Using the Gauss divergence theorem to change the surface
integral to a volume integral, we find the usual differential
equation forms -

Da = + - +-C.
.+ Q~Jf~L. !JJUJ+ P Duri.~

32-.'.
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thus, th -ufc oreFi

SS

F . fa'dA. Surface Force (2.8)
S-..

Note that only the stresses for the one phase being considered

are integrated to get F1 for that phase. See Section 2.2 for

further discussions of the partitioning of stresses.

Body forces are of two types:

* External Gravitational Body Force

fpg dV

0 Internal Body Force from the relative motions and
interactions with other phases (-drag force)

ff' dV .int

Thus, the body force F' is
B

F f(pgi + fi nt)dV Body Force (2.9)F B = t orce(2.9
B

The surface and body forces in Equations (2.8) and (2.9)

represent momenta source terms; in addition, there may be

additional momenta sources due to phase changes (analogous to the

mass sources in Equation (2.6a)]. Thus, in the Lagrangian or

material frame of reference, i.e., u = ui, we have

iS

dM01 /dt f F1 + F + fb uidVS B + +

33



where 4u are the momenta/volume source terms due to phase changes.

And finally, the integral form of the momenta equation for an

arbitrarily moving volume (l(t) is

dMOM /dt d/dt fpudV f(pu (us - uj) + G )dA.
n(t) S(t) 

,

(2.10)

+ fjPg+fl t + pu)dV
int + +nl(t),., -

Similarly, the energy equation is

dEN/dt - d/dt fpEdV = f{pE(us - u9) + a'ujdA
n(t) S(t) 

"

(2.11)
i.i+ ffPg u + fintUi + Q+ldV

where Q+ represents the energy/volume source terms due, in

general, to any combination of phase changes, heat conduction and

thermal radiation transport.

Equations (2.7), (2.10) and (2.11) represent the general

dynamic equations governing each phase in a mixed phase flow
configuration. Before a solution to a specific problem can be

obtained, the initial and boundary conditions must be specified

as well as a complete set of constitutive equations including: -

e Material Equations of State (elastic-plastic-hydro
description of a)

i
* Internal Interaction Forces (f. ) as a function of

relative velocity, pressure, pAP sity, etc.

34
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The generalized approach for material equations of state in

two-phase media is described in Section 2.2, and the specific

material parameters are described in Sections 3 and 4 with th-"

case descriptions and calculational results. The formulation

used for f lt for all the cases is described in Section 2.3.

And, Sections 2.4 and 2.5 contain DICE test cases.

2.2 STRESS PARTITIONING IN A SOIL-AIR MEDIA

A small portion of a two-phase material consisting of a

- solid soil phase and a pore-air phase is schematically shown

below:

Fi

1 oad

If a loading force, F is applied to a surface, S, then

loada

F1  - f(2.12)

load loadj (2.12)
S

5 .
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The partitioning of the load stress, aoad into solid soil and

pore-air parts is accomplished by introducing the following

equation and associated variables:

0 0 - i - P (2.13)load s s a a

where

V and V are the soil and air area fractions (V + V = i);S as a a,

these are often assumed to be equal to the volume fractions, but

anisotropic pore/channeling configurations are possible which

would invalidate this assumption.

* 6ij and -6 5i j are the local stresses* such that
s a

fc i3v dA. is the force contribution from the soil, and
s '

f-P 6'3v dA. is the force contribution from the air.
a a-

The material equat ions of state (EOS) for the air and the

soil complete the specification of Equation (2.13). The air EOS

is relatively straightforward:
S

P -- Pa(Pa ' ea) General EOS (2.14)a a a a

*These local stresses 6k (force/area for one phase) are analogous
to the local density ")k (mass/volume for one phase). Note that
the particle velocity and specific internal energy are always

" local variables in the current formulation and a u or e is
suppressed.
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For example,

Pa 1)p aea Ideal Gas EOS

The solid soil stress, 6s3 , is generally not measured; however,
S

the measured soil stress can be identified by noting that for

relatively incompressible soil particles, the pore-air pressure

(@a) and the stresses suported b2 the touchi_ g goil particles
a b

(613) both contribute to the local soil stress, - 4
sS

Os U.P J (2.15)
s s a

and plugging this equation into Equation (2.13), we find

1] -1ij ~ ij
a = V - P a (2.16)°load S S a

ij-
Thus experiments measuring Oload performed on soils with pore

pressure P will provide the soil EOS (a )where
a

-ij '~s
0 = OV , and

(2.17)ii - . "

ai ;iJ _ i' j
0load Us a

The measured soil EQS (oi±) can be a complicated function of many

variables, including density (ps), specific internal energy (es),

strain, and strain rate.

2.3 INTERNAL INTERACTION (OR DRAG) FORCE

The internal body force per unit volume, fl for the -_int'

simple two-phase system consisting of air and soil particles of

radius R is modeled in this subsection. Note that in a two-phase
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system, the internal force acting on the soil by the air is

exactly opposite to the internal force acting on the air by the

soil.* Thus,

f int) + lint. - 0 (2.18)

7
In this exploratory study, Darcy's linear law is used as the

basic equation relating the apparent volumetric fluid kair) flow

rate to the fluid pressure gradient, i.e.,

i -k a
V aUr x.19)

where

V Is air filled V of soil
a u i "- -"
u is local relative velocity u a ur a sL - _

V aur is the apparent flow velocity of air

k is permeability

AL is the air viscosity

And, since Darcy's law is for steady-state conditions, the

pressure gradient on the air is 3ust equal to the internal drag

torce/volume on the air, thus

a a a 1
f int - k Ur (2.20)

)a1

*In the general multipnase systemk=l,K( int)k = .
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Drag formulations of the internal interaction force define"."-

an effective single particle force, , which acts on a single

soil particle of radius R. Since 3v s the soil + air volume

per soil particle,

F i  (4fR 3  i (2.21)3vs  intai:

In the current study, a single particle drag formulation is

used with three porosity regimes. The first regime applies to

relatively low porosities, vair less than or equal to 0.5. In

this regime the flow of air through the soil is modeled using a

S.. drag formulation of Darcy's law der ived by Br inkman

i i R + 2
i 6 u R 0 < 0.5 (2.22)

r + 7k 3k a

where "_"

L = viscosity
'"' i

u = relative velocity of air and soil particles,r •i •" -",: -

a s

R D /2 = characteristic radius of soil particles
p

k = permeability

In the derivation of Equation (2.22) it is assumed that the soil

-- particles are rigid spheres and that the air flow is steady and

incompressible. These assumptions may not be adequate for a

final model but they do permit a first-order assessment of the

pore-air phenomena of interest.
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The second regime is transitional and applies for

0.5 v ~a ( 0.8. in this regime the soil is distended and the
individual soil particles are not touching but are still

relatively close together. The interaction between the soil and

air is a linear interpolation on va between Equation (2.22) and

the single particle aerodynamic drag interaction force [Equation
(2.24) below]:

1 (0.8 - a) (V ~a - 0.5)
20.3 1+ 0.3 (.3

0. La v 0.8

where F. is given by Equation (2.22) above and F3 is given by

Equation (2.24).

In the third regime va > 0.8, the soil is highly distended,

soil particles are relatively far apart and do not stronlgly

interact, and the soil-air interaction is modeled as single

particle drag:

l* p vRC;li > 0.8 (2.24)

*where CD is the variable drag coefficient which, in general, will

depend on the relative velocity and local Reynolds number.

In order to calculate the soil-air interaction in regimes 1

* and 2, it is necessary to specify the Rermeability. The perme-

*ability of the soil will change as the soil is compressed by the

* airblast and pores collapse; also, soil cementation is broken and

thus the particle size distribution is altered. It is thus

essential that permeability be treated as a variable. As an

initial model, permeability is assumed to vary with porosity and
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characteristic particle size. For porosities less than or equal

to about 0.48, an empirically based equation formulated by Carman
7

is used

3
k %)a

-45(1 v 2V < 0.4785 (2.25)R 2  4 (- a  a --. -
a

8.For higher porosities, a theoretical formulation by Brinkman is

used.

k 1 4 _ 8 8V 1-8 1 - V V

(2.26)

0.4785 < va < 0.8
a2

Figure 2.1 shows the quantity k/R as a function of porosity as

calculated from the Carman and Brinkman equations.

2.4 TWO-PHASE FLOW TEST CASE

The details of the internal interaction (or drag) forces and

the associated relative velocities (ur) between the air and soil
r

phases will influence the wave propagation characteristics in the
soil-air medium. Under the special case of ul 0 which occurs

r
as the permeability goes to zero, the sound speed in the

two-phase medium is related to the soil and air densities, loca.-

sound speeds, and volume fractions as shown on Table 2.1. Note

that when V - v = 0.5, the two-phase sound speed reaches aa s9
minimum and is a small fraction of the air sound speed9 , in fact

C -2 Pal07 Ca

for va vs  1/2
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CALIFORNIA RESEARCH AND TECHNOLOGY. INC.

100 CARHAN AND BAINKHAN PERHEABLITY/POROSITY 
MODEL

-2

10

10-.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
POROSITY

-- 

~...

Figure 2.1. Normalized Permeability (k/R 2) Versus Porosity
from the Carman and Brinkman Equations.
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Table 2.1. Sound Speed for Multiphase Mixture.

(particles not in contact with one another and u r 0)

pp

02

saa

PaCa 0- PaNote that C52 ~1~and -~0

C2
Thus, 02 a a (rigid soil particles)

is good approximation until va- 0 or vs 0.
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A test case was performed with the DICE code to approxi-

mately simulate the specialized condition just described and to

verify the ability to calculate low wave speeds in two-phase

mixtures. The problem configuration and soil/air volume

fractions are indicated below: S

Air Only Soil-Air Mixture

I bar :1 =1

overpressure - a 1a =

shock -0 - s 0 s : ' '
conditions " S

0 100
Distance (m)

A 1 bar overpressure shock wave travels through 100 m of air at .* . - -

STP in a simulated shock tube and then interacts with the - "-.

soil/air mixture.

Figure 2.2 shows the overpressure versus distance profiles

at three times prior to the shock wave interaction with the

two-phase mixture. Figure 2.3 shows the overpressure profiles at

four times after the shock wave begins interacting with the

soil/air. Figure 2.4 is the related shock speed versus time

curve. The shock wave in the air propagates at -463 m/s; when

the initial shock reaches the relative dense soil/air mixture

(p = 1 gm/cm 3 ) at x 100 m, a reflected shock wave travels back

into the air with a reflection factor of -2.6.

The shock wave speed in the two-phase mixture is -28 m/s or

about 6_ of the air shock wave speed,
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50 0 ELCTIY OF SHNCK FIrNT VS TINE

I bdr Overpressure
Shock Wave Speed
463 m/s

300

--°

200... -

100
Two-Phase Flow

Shock Wave Speed
28 s-n/ s

II I I ':

0 0.1 0.2 0.3 0.4 0.5
Time (sec)

Figure 2.4. Shock Wave Speed Versus lime for Shock Tube Test Case.
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2.5 AIR ONLY TEST CASE FOR WEAK SHOCK (AP -0.1 bar)

For some airbiast problems of interest, the air overpressures

are quite low. Therefore, a low overpressure test integration of

the DICE code was performed to demonstrate that the code can

calculate shocks and rarefaction waves correctly at overpressures

of -0.1 bar. The following sketch shows the initial pressure

conditions used:

symmetry overpressure =.2 bars standard atmospheric
plane Z~conditions

0 X020 meters

Initial "Shock Tube" Conditions

Initially, the air was at rest in both regions and is assumed

to follow the ideal gas law (y 1.4). The zoning consisted of a

uniform grid with one meter cells.

Analytical (closed form) solutions (see Ref. 10, pp. 181-191) .

can be obtained in 1-D by considering the equations governing the

* conservation of mass, momentum and energy plus the ideal gas

* equation of state for air. The results for the initial conditions

considered are summarized in Figure 2.5. In this x-t diagram, the

theoretical positions of the shock front, contact discontinuity

and rarefaction fan are plotted as a function of time. The

* physical parameters describing the properties of each of the

separate regions are-also shown. .
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DICE code integration results at .030 s, as well as the
theoretical solution, are shown in Figures 2.6 through 2.9. Air

overpressure versus distance is shown in Figure 2.6. A shock wave
of 0.1 bar overpressure is seen to move forward into the undis-
turbed region, while rarefaction waves move backward into the "
initial overpressure region. These rarefaction waves comprise the
rarefaction fan. For both the shock front and rarefaction fan,
DICE is able to define the rapid variations with five cells. The
shock pressure is matched almost exactly. Similar accurate
results are seen for the discontinuities within the velocity,
temperature and density profiles shown in Figures 2.7, 2.8 and
2.9, respectively. We conclude that DICE can handle shocks and "
rarefaction waves correctly for low overpressures at the 0.1 bar - * -

level.
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SECTION 3

PORE-AIR PHENOMENA IN A SHOCK TUBE

3.1 LABORATORY EXPERIMENTS *..

.- ---.-*.

3 p
Pore-air phenomena were studied by Zernow et al. in a

series of laboratory experiments. The experiments involved the

use of a shock tube (Figure 3.1) to load the surface of a column

of sand with a known overpressure history. By breaking
diaphragms 1 and 2 at appropriate times, the surface of the

column of sand was exposed to air overpressure histories similar

to the positive phase of the airblast at the 100 psi range from a

1 Mt nuclear burst. No negative phase was simulated. The motion

of the sand column was observed photographically and pore-air

pressure measurements were made at various depths in the sand.

Figure 3.2 shows the observed surface load overpressure time

histories for the experiments conducted with a 8" diameter shock

tube. Two orifice diameters were used to control the overpres-

sure decay rate. The 1.78" diameter orifice yielded a faster

decay rate with a shorter duration (-.450 s positive phase)

compared to 1.36" diameter orifice with a positive phase of

-.750 s. Also shown in the figure is an overpressure time
history described by a simple exponential decay function of the

form

AP AP e (3.1)

,6-.
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CPL1FO3BNIR RESEARCH RND TECHN(!LOGY. INC.

COHPRRISON OF fBSERVED OVERPRESSURE-11ME CURVES FOR -S ICH VEIRL
SHOCK TUBE NITH L00IN1 FUNCTION USED IN NUMERICAL SIMULATION.

7.0 1 1 -Sl0:

70

4. -

~~:;~~*~ \-\. Mesued-1,

MeasredOverpressures

S4.0 I -

LU1.36" Diameter Orifice I j

S. 80--

3 - 1.78" Diameter Orifice s

too 0."..'

,,, . ~,,-..

~ (Reference 3) 40

LUC- 40 Lu

2.0 - / "PL 
= Po e tft 30

1. 5- . 6.89 bars= 100 psi 20

S- \T .174 s

o 0.1 0.2 0.3 0.4 0.9 0.6 0.7 0.8 0.9 1.0
TIME (SEC) 0

Figure 3.2. Overpressure Load to Surface of Sand Column Versus Time
Observed in Experiments (Zernow et aZ., 1973) and Fit

Exponentially (used in DICE Cases 1 to 4 Calculations).
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wher e

APL is the overpressure at time t

APo is the peak overpressure (at the shock front)

t is the elapsed time (after peak overpressure arrival)

T is the decay parameter constant.

A value of 6.89 bars (100 psi) for AP and .174 s for .
0

results in an approximate fit to both of the experimentally S

observed time histories. This loading function is used in

subsequent DICE code numerical simulations.

The average density of the standard sand used was found to 0

be 1.60 gm/cm3 . The estimated grain density of 2.40 gm/cm3

corresponds to a porosity (or air void ratio) of 0.33. Figure

3.3 shows the particle size distribution (% by weight) for the

standard sand; the mass mean diameter is -650 A. Some of the S

experiments were conducted with "coarse" sand with particle

diameters greater than 841 A sieved from the standard sand. The

coarse sand had an average density of 1.55 gm/cm 3 and porosity of

0.354.

The bulk compressibility modulus was determined to be

85,000 psi (-5860 bars), which implies a compression wave

velocity of -605 m/s. For the 6 ft sand column this means that

the transit time for the initial shock to reach the bottom is

.003 s.

Note that in the experiments, the bottom of the sand column _

(-6 ft) was restricted from moving downward. Ideally, the sand

column should be "infinitely long" with respect to the physical

58
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CALIFORNIA RESEARCH AND TECHNOLaGY. !14C.
AVERAGE D!STR'BUT10N '. BY W~D' (5F SRNC USED IN
8-INCH SH5CK TUBE EXPERIMENTS. 'ZERN(TH ET AL. 1973)

6s__

45
46%

500-707 v

3S

~30-

~25

LU
Ci 23%
~20- >841v

20%
707-841

10 -

9%
5 -297-500 Pi

1% 1%
<125 vi125-297 v

0 200 400 600 800 1100
PPAR9T IC LE DIAMETER 1LJCHNS)

Figure 3.3. Average Distribution (% By Weight) of Standard Sand
Used in 8" Diameter Shock Tube Experiments
(Zernow at al., 1973).
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effects which are being observed. In an ideal elastic material,

the sand at a depth equivalent to the bottom of the sand column

would behave similar to the sand near the surface. A pressure

force applied to the sand surface would be felt 3 ms later at a

6 ft depth, and would eventually cause the entire sand column to

translate downward. However, the rigid bottom in the experiments

prevents this downward translation at the surface as well as at

the bottom since the sand is essentially elastic. To simulate an

infinitely long sand column with respect to pore-air phemonena,

the bottom closure of the shock tube had small holes in it to

allow restricted air flow. The intent was to approximate a

permeability similar to that of the sand above the bottom

closure.

Figure 3.4 shows the vertical displacement of the sand

surface as a function of time from the 1.36" and 1.78" diameter

orifice tests. The initial small displacements are considered to

be a "precursor" sand cloud resulting from the shock tube induced .
"initial large amplitude reverberation oscillations in the very

early portion of the shock pulse" affecting the top -2 cm of the

sand column. The main sand column starts to move upward at

t -.400 s for the standard sand 1.36" tests and maintains a nearly

constant velocity of -43 cm/s for another .300 to .400 s. The

1.78" tests with faster overpressure decay rates resulted in the

main sand column moving upward at an earlier time (-.200 s) and

higher velocity (-77 cm/s). Both sets of curves for the standard

sand experiments indicate that the maximum height attained by the

lofted sand is nearly 20 cm. If the only force acting on a sand

particle projected upward were gravity, the initial lofting

6 velocity needed to reach 20 cm height is V = /2gH -200 cm/s.

Including air drag effects would increase the needed initial

lofting velocity. The observed maximum velocity of 80 cm/s would

60
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CALIFO RNIA -RESEARCH .AND TECHNOLOGY, INC,.'

MAIN SUBFPCE.DISPLPCEMENT. VS. TIME F R B-INCH VERTICAL SHOCK .TUBE
1,36 IN.. AND 1.78 IN. DIE4ETER OBIFICE. (ZEBNI3h ET.AL. 1973).

25.0 I I I I I25. .

22,.5 ii1i

17.5
1.78" Diameter Orifice

..- ,. .,

.0 .8(Standard Sand) O i... .. ""/'-

17.5 -- D --i

Q- 7.5 -- :3"Diameter Orifice

/7 "(Standard Sand)

5. a . ... .. _::..
5.3.

2.5 'b. *-, --. X i ;

1.36" Diameter Orifice
(Coarse Sand)

(from Reference 3)
-2.5

0 ,0. 1 0.2 0.3 3.4 0.5 il.6 0.7 0.8 0.03 1. 1
TIME (SEC)

Figure 3.4. Main Surface Displacement Versus Time for 8" Diameter
Shock Tube Experiments (Zernow et. a., 1973).
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* project a sand particle less than 4 cm above the surface. Thus,

the experimental evidence points to the sustained application of P
. -- an additional upward force associated with pore-air phenomena.

Figure 3.4 also shows the main surface displacement for

experiments run with the coarse sand (particle diameter >841

The coarser sand particles yielded an increase in porosity and

permeability. And although the same 1.36" diameter orifice

pressure loading was used, there was a reduction in the main

* column motion by a factor of 4 both in velocity and displacement

when compared to the standard sand cases. The coarse sand

*characteristics are very uncertain; a possible explanation is

described in Section 3.3.

Figure 3.5 shows the position of the near-surface marked

sand layers as a function of time for the 1.78" and 1.36"

diameter orifice tests. Sustained upward motion is again seen

for the sand below the surface to depths of approximately .!P-
10 to 15 cm.

Additional experiments involved saturating the standard sand

100% with water so that the porosity and permeability were

essentially zero, and saturating the standard sand to 50%

saturation level. The result was either total or near total

elimination of main column motion.

3.2 NUMERICAL SIMULATIONS

Numerical simulations were performed with the multiphase

DICE code in order to examine the pore-air phenomenology in a A-
homogeneous porous soil. The calculations were designed using

one-dimensional (1-D) planar geometry to approximate the

62
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pwW

3laboratory shock tube experiments. The equations governing the

Urelevant physics are discussed in Section 2.

* . Figure 3.6 defines the physical parameters used in DICE

Cases I to 4. The overpressure loading function applied at the

soil surface is the exponential fit shown in Figure 3.2, falling

* between the two overpressure time histories measured in the

* laboratory experiments. Its rate of decay is slower than for the

1.78" diameter orifice tests but faster than for the 1.36" tests.

The soil model parameters are taken from Reference 3. The

initial soil density is 1.6 gm/cm with a porosity of v'a 0.33.

The soil is treated as a hydro-elastic material. The 605 m/s

compression wave velocity implies a 3.3 ms transit time for the *.-

* . initial shock pulse at the surface to reach the bottom grid

boundary. A semi-infinitely long column is modeled by imposing a

continuum boundary at the grid bottom, allowing soil and air to

f low past the bottom; note that in the laboratory experiments,

the soil is rigidly constrained at the bottom of the shock tube.

In the calculation the soil is modeled using only one

characteristic particle size. Case 1 uses a characteristic

particle size diameter of D = 0.1 cm (all particles assumed to
p

be uniform spheres), while Case 2 uses D = 0.05 cm. The
p

permeability model described in Section 2.3 indicates that the

-permeability increases with porosity, and for a given porosity,

the permeability varies as the square of the particle size.

Thus, the permeabiity of the soil in Case 1 is four times larger

than in Case 2 for a given porosity. Cases 1 and 2 include

effects of a uniform gravitational field (g =980 cm/s2).
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Pressure Loading APL AP0 et/

LP = 6.89 bars = 100 psi

T =174 ms =.174 s

Porous
2mSoil Soil Model O = 1.6 gm/cm 3

P5 = 2.4 gm/cm3

1-- .33 >

K =5.86 kbars =85,000 psif C =605 m/s
"Continuum T 3.3 ms for a 2 meter transit

Boundary"

Case Characteristic Permeab iIi ty Gravity
Particle Size

Dp (cm) k (Darcy)* g (m/s2 )

1 0.1 469 9.8
2 0.05 117 9.8
3 0.05 117 0.0
4 0.1422 948 0.0

*1 Darcy =9.87 x 10-9 cm2  .

Figure 3.6. Pressure Loading and Soil Parameters for 1-0 Shock
Tube Calculations (Cases 1 to 4).
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Cases 2 and 3 compare the effect of gravity on the pore-air

lofting process. D - 0.05 cm for each case; but in Case 3, zero
p

gravity is assumed. Case 4, which also has zero gravity, has a

factor of -3 increase in particle size and a factor of -8

increase in permeability from Case 3.

Figure 3.7 shows the 1-D grid used in the calculations. The

surface soil cell is 2 cm, with each subsequent cell 10% larger

than the cell above it. All cells above the original surface

(z 0) are of uniform size (2 cm).

3.2.1 Case 1 (Dp =0.1 cm, g 980 cm/s2)

Figure 3.8 shows the initial pressure distribution versus

depth for soil and air for Case 1. The total stress shown is the

sum of the pressure due to the pore air and the effective stress

contribution from the soil. The initial air pressure was taken

to be 1.013 bars 1 atm) throughout the soil column depth. The

initial lithostatic pressure at depth in the soil column is the

pressure required to support the weight of the total amount of

soil above that depth. It increases essentially linearly from

zero at the surface to a value of 0.314 bars at a depth of

200 cm.

Figure 3.9 shows the pressure and velocity distributions for

soil and air at t - .001 s after the initial application of the 771

pressure loading function at the soil surface. The soil

compression wave velocity of 605 m/s implies a transit distance

of 60 cm by this time for the initial pressure loading impulse.

First principle shock theory for an elastic medium yields a soil

particle velocity of 71 cm/s behind the shock front for an

initial pressure of 6.89 bars. DICE gives good agreement with
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•- - .



Pressure Loading Applied
to Soil Surface

cmn.,..--.
____ ____ ____ ____2 cm

-20

-40 -- -_ __ __ ____

-6 0 - -___ _ _ __ _ _

z-0

z

p -LcC -_-__ _....

10

-120

-140

-160

-160

-20C 1-
"Continuum Boundary"

Figure 3.7. Grid Used for DICE 1-D Shock Tube Calculations,
Cases 1 to 4.
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Figure 3.9. (a) Soil, Air and Total Stress Versus Depth, and
(b) Soil and Air Velocity Versus Depth at

t .001 Seconds for Case 1 CD =0.1 cm).
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these theoretical values. The pressure loading shock front is

seen to travel to the theoretical depth (the numerically smeared
transition region across the shock front is centered at -60 cm);

the downward soil velocity behind the front is approximately .-.-

70 cm/s.
p

At t .001 s, the soil is supporting all of the overpres-

sure load except near the surface, where air traveling down at

over 1500 cm/s has begun to permeate into the soil. As the air

is forced down into the soil matrix, the pore air density and B

thus pore air pressure increases and the air supports a portion

of the pressure load.

Figure 3.10 shows that by t - .050 s the pressure loading of -

the soil surface has affected the entire column. Below 100 cm

the entire overpressure load is supported by the soil (the air is

still at its initial value). Above this depth the pore air

pressure increases nearly linearly to the surface. At the

surface the pressure load is supported almost entirely by the

air. At the surface the air is flowing down through the soil at

-200 cm/s. The peak downward air velocity of nearly 350 cm/s is

at a depth of -50 cm. Below 100 cm the soil and air matrix move

downward at a velocity 54 cm/s consistent with the theoretical

velocity behind a shock front of overpressure APL(t - .050) -

6.89-L/174= 5.17 bars.

The total pressure at any time will still contain the 7
initial air and soil contributions discussed previously (see

Figure 3.8). In addition, because of the decay in time of the

overpressure loading- function, there is a net overpressure

differential from the surface to any depth, due to the transit

time (at sound speed velocity C) required for information (the

70
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Figure 3.10. (a) Soil, Air and Total Stress Versus Depth, and
(b) Soil and Air Velocity Versus Depth at

t =.050 Seconds for Case 1 (D =0.1 cm).

71



pressure load) from the surface to get to that depth. The

theoretical overpressure at depth z and time t due to the loading

function is thus &P(z,t) = 6 .8 9 e
- (t-z /C)/l 1 74 bars. The

overpressure differential Ap from the surface to depth z (as a

function of time) is thus "

Ap(z,t) 6.89et/ 1 7 4 [eZ/C/174 ] bars. (3.2)

It is this net overpressure differential which provides the

upward force which accelerates the soil and/or air upward, thus

decreasing its downward velocity. Note the exponential decay in

time which will result in weaker upward forces.

Figure 3.11 shows that by t - .100 s the air has begun to

flow through the soil at a depth of over 150 cm, with the peak

downward velocity of -200 cm/s at -80 cm depth. More

significantly, by t - .100 s tb Air iA supportin the entire-

o Inad at the surface The soil particles become 6

fluidized; they are no longer able to support any loads. The .-"-*-

soil particle motion in a fluidized state is dominated by gravity

and internal drag/permeability interactions with the air.

Figure 3.12 shows that at t = .200 s the soil is fluidized-r

to a depth of -40 cm and a pressure gradient causing upward

accelerations exists in this near-surface region. Much lower

sound speeds in the fluidized soil as compared to the unfluidized

soil (see Section 2.4) will result in larger upward pressure

forces as indicated by Equation (3.2). And because the air .

density is about three orders of magnitude less than the soil

density, there is a larger increase in upward acceleration of the

air as compared to the soil particles. The results of this are
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seen in the velocity profiles in Figure 3.12. The air in the

* fluidized region is moving upward relative to the soil. Internal

force interactions with the soil particles is providing a

deceleration of the air, while causing the soil particles to

accelerate upward; the soil in the fluidized region is in fact

moving upward relative to the remainder of the soil column. p

Figure 3.13 shows that by t = .400 s the region of

fluidization extends to ~115 cm depth. The soil column above 100

cm depth is moving upward, with a maximum velocity of 67 cm/s at

the surface. The upward air velocity is also largest at the

surface, with a value of over 100 cm/s.

Figure 3.14 shows that at t = .600 s the region of

fluidization extends below 150 cm depth. The soil column above

this depth is moving upward, with a maximum velocity of

40 cm/s near the surface. The upward air velocity peaks at the

surface with a value of over 80 cm/s.

The progression of fluidization down the soil column can be

seen in the soil density depth profiles at various times on - .

Figure 3.15. Up to t - .100 s the soil density is still

essentially at its initial value of 1.6 gm/cm3 . The region of

fluidization is clearly seen in the profiles at later times. The

soil density drops below 1.6 gm/cm 3 as the soil becomes

increasingly distended. By t - .600 s porosities near the

surface have increased to over 0.5.
I.-..

During the numerical simulations various predicted physical

quantities are monitored at several station depths in the I-D

grid. This allows for time histories of quantities such as air .""
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Figure 3.13. (a) Soil, Air and Total Stress Versus Depth, and
(b) Soil and Air Velocity Versus Depth at
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overpressure and soil velocity at the selected station depths to

be analyzed.

Figure 3.16 shows the air overpressure versus time for Case

*1 at various station depths of the modeled soil column from 5 cm ''

to 175 cm. The peak overpressure decreases with depth while the

time of arrival of the peak overpressure increases with depth.

This figure shows that by t = .200 s, air overpressures down to
40 cm depth have become approximately equivalent to the over-

pressure loading applied at the surface. Thus, above 40 cm depth

the soil has become fluidized and is supported entirely by the

air.

Figure 3.17 shows the soil velocity versus time at various

station depths from 5 cm to 175 cm. Up to time t -.100 s the

soil column essentially moves downward as a rigid body.

Fluidization at each station depth becomes apparent after this

time when the soil flowing at that depth increases its velocity

above the velocity of the soil column below that depth. At the

5 cm depth station a maximum upward velocity of -65 cm/s is

achieved at t -. 400 s, after which time gravity becomes the

dominating force.

3.2.2 Case 2 (D =0.05 CM, g =980 cm/s2)
p

The effect of permeability of the modeled soil is examined

in Case 2 by using a characteristic particle size diameter of

D = 0.05 cm, which is half that used in Case 1. For a given
p

porosity, the soil permeability in Case 2 is four times smaller

th.in in Case 1 (see the permeability model described in Section

* 2.3).
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Figure 3.16. Air Overpressure Versus Time at Various Station
Depths for Case 1 (0P 0.1 cm). '
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P

Figure 3.18 shows the pressure and velocity distributions

for soil and air at t .001 s for Case 2. Air is flowing down

through the soil at just over 200 cm/s for Case 2 as compared to

over 1500 cm/s for Case 1. There is also a corresponding - -

decrease in the amount of support of the overpressure load at the

surface by the air.

By t =.050 s (Figure 3.19) the peak downward velocity of
-200 cm/s is found at a depth of 25 cm for Case 2, slower and

shallower than the -330 cm/s peak at 50 cm depth for Case 1. The S

air pressure also indicates that there is a decrease in permea-

tion of the soil; air is supporting at least part of the pressure

loading down to almost 100 cm depth for Case 1, but only to 50 cm

for Case 2. .

Fluidization at the surface occurs near t = .100 s (Figure

3.20) for both Case 1 and Case 2, when the air is supporting the

entire pressure load at the surface. By t = .200 s, Figure 3.21

shows the soil fluidized to only -25 cm depth for Case 2, corn- .-. - . -

pared to -40 cm depth for Case 1 (Figure 3.12). By t = .400 s

(Figure 3.22) the soil in Case 2 is fluidized to a depth of

-70 cm compared to -120 cm for Case 1, indicating the effect of

the decrease in permeability for Case 2.

The air also achieves smaller upward velocities compared --.

with those of Case 1. This is seen in Figure 3.22 at t = .400 s -

and Figure 3.23 at t = .600 s. Evidence of the increased

air/soil drag forces due to the decrease in permeability is found

in the smaller relative velocities between the air and soil

particles in the fluidized region. --

O
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Figure 3.24 shows the air overpressure time histories at

various station depths for Case 2. The peak overpressure at a

particular depth is smaller than in Case 1 and also arrives

later.

Figure 3.25 shows the soil velocity time histories at

various station depths for Case 2. Fluidization is indicated by

the increase in velocity at a particular depth above the velocity

of the soil column below that depth. Fluidization at a partic-

ular depth below the surface occurs at later times for Case 2

than for Case 1. Equation 3.2 indicates that the later time

leads to a weaker upward pressure force at that depth for the

fluidized soil in Case 2. At the 5 cm depth station a maximum

upward velocity of -35 cm/s is achieved at t -.400 s. This peak

velocity is less than in Case 1 by about a factor of two.

However, the time at which the peak occurs is approximately the

same in both cases.

3.2.3 Case 3 (D 0.05 cm, g = 0)
p

The effect of gravity on the modeled soil column is examined

in Case 3 by setting g = 0 instead of 980 cm/s as used in Cases

1 and 2. A characteristic particle size of diameter Dp = 0.05 cm

is used so that this case compares directly to Case 2. in the
" absence of gravity there is no initial lithostatic pressure at

.- depth in the soil column required to support the soil weight

above that depth. There is only an initial pore air pressure of

1.013 bars (- 1 atm) taken throughout the soil column depth.
-

Figures 3.26 through 3.31 show the pressure and velocity

distributions for soil and air from times t .001 s to

t .600 s for Case 3. Up to t =.100 s the air pressure and the

89
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Figure 3.26. (a) Soil, Air and Total Stress Versus Depth, and
(b) Soil and Air Velocity Versus Depth at

t =.001 Seconds for Case 3 (Dp=0.05 cm). ."
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Figure 3.27. (a) Soil, Air and Total Stress Versus Depth, and
(b) Soil and Air Velocity Versus Depth at

t .050 Seconds for Case 3 (Dp=0.05 cm).
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Figure 3.28. (a) Soil, Air and Total Stress Versus Depth, and
(b) Soil and Air Velocity Versus Depth at

t .100 Seconds for Case 3 (Dp=0.05 cm).

94 S - - * -. *. *.-.,,....'-,

. .. . . . . . . 4.-.-... ...... . ... ..... +.-..-.--.-...-. ... . . ..___ __.__ ___ __

J - - _, , . - -. ", - .. . . . . . . . t..J. . .. - t s . VL.. . ..



- - -- -..... ,..

CALIFORNIR RESEARCH AND IECHNOL GY. !NC.
(a) 4 DICE 3280 CRSE 3 tOP=.05 CM .G0Oj PRESSURES VS. DEPTH

Total

3. 0

Cr2 . 5 i- r""

=.......................

Lu 2. 0 r- \.-..'.'.'

0. 5 o i -- . --." -.--

-25 0 25 so 75 100 125 150 175 00

() 0 DICE 3280 CASE 3 ,P-. CM .- VELOCITIES VS. DEPTH
-0k Sl........................ .....~.. .."" ..- n..-..-. rn-I,

SoilI %-,

,,, ..........

h > -60 - \ ./ " ::

rU-)

I.n

-8 25n 0 25 50 75 100 125 150 175 200 '".-
DEPTH (cm) 0. 200 SEC .\ .

.540

Figure 3.29. (a) Soil, Air and Total Stress Versus Depth, and ,.' ,(b) Soil and Air Velocity Versus Depth at
t = .200 Seconds for Case 3 ED=0.05 cm).

p

95 ..-...--.. ,



CALIFORNIA RESEARCH AND TECHNOLODY. INC.
(a) 2.5~ DICE --3280 CASE 3 (DP-.05 CM G-&Dj PRESSURES VS. DEPTH

Total

cr 1.5-
A i r

LU

cn . -.0 .

LU

a-......................................................................

0.5 ~Soil-*.*-

-25 0 25 s0 75 100 125 150 175 2-00 -: .

DICE 3280 CASE 3 LDP-.05 CM G-03 VELOCITIES VS. DEPTH
* ~(b) 50 T 1 7 T~

40-

'm'~k 20-I

LUJ

-20

-40 I-25 0 25 50 75 100 125 150 175 200
DEPTH (cm) 0. 400 SEC

Figure 3.30. (a) Soil, Air and Total Stress Versus Depth, and p
(b) Soil and Air Velocity Versus Depth at

t =.400 Seconds for Case 3 (D =0.05 cm).
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Figure 3.31. (a) Soil, Air and Total Stress Versus Depth, and
(b) Soil and Air Velocity Versus Depth at

t .600 Seconds for Case 3 (D =0.05 cm).
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soil and air velocity distributions are essentially the same as

those of Case 2. The soil pressure differences reflect the

initial lithostatic pressure field imposed in Case 2.

By t - .200 s the soil is fluidized to -.25 cm depth for both

Case 3 and Case 2. For Case 3 the relative velocity between the

air and soil in this region is almost zero, the air being

slightly larger in the upward direction. The relative velocity

:is larger for Case 2 due to gravity, which accelerates the soil

downward in the opposite direction from the upward accelerating

air. Internal interaction forces will influence the motion until

there is no relative velocity between the soil and air.

By t -. 400 s, the soil is fluidized to -75 cm depth for

Case 3 compared to -70 cm depth for Case 2. The difference

becomes larger with increasing depth because for Case 2, the air

pressure at a particular depth must overcome the initial litho-

static pressure as well] as the pressure in the soil resulting

from the surface pressure loading before the soil becomes

fluidized. .

The upward velocity of the air in the fluidized region is

approximately the same for both cases at t - .400 s and

t - .600 s. But again, the relative velocity is larger for Case

* 2 as gravity acts on the soil. By t -. 600 s the soil particles

are in fact moving upward faster than the air for Case 3.

Figure 3.32 shows the air overpressure time histories at

* various station depths for Case 3. When compared to Case 2

(Figure 3.23) they appear almost identical. However, for Case 3

the overpressures all fall along the same decay path once the

* soil has been fluidized at the various depths. In Case 2, each ,...
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successively deeper station required a larger air overpressure to

fluidize the soil, due to the initial lithostatic field.

Figure 3.33 shows the soil velocity time histories at

various station depths for Case 3. The fluidized soil velocities
are larger than in Case 2, again due to the lack of gravity in

Case 3. The peak soil velocity for the 5 cm station depth is

-45 cm/s in Case 3 compared to -35 cm/s in Case 2.

+S p.
3.2.4 Case 4 (D = 0.142 cm, g - 0)

The effect of increased permeability of the soil column

without the effects of gravity is examined in Case 4 by using a

characteristic particle size diameter of D - 0.142 cm. For a
p

given porosity, the permeability model described in Section 2

yields a soil permeability in Case 4 which is over eight times

larger than in Case 3.

Figures 3.34 through 3.39 show the pressure and velocity

distributions for soil and air from time t .001 s to t = .400 s

for Case 4. The increase in permeability is seen immediately at

t - .001 sec. Air is flowing down through the soil at almost

5000 cm/s compared to -200 cm/s for Case 3. Air is supporting at

least part of the pressure loading down to -20 cm depth for Case

" 4, compared to -5 cm for Case 3.

By t - .050 s (Figure 3.35) the peak downward velocity of

-450 cm/s is at a depth of 75 cm for Case 4, faster and deeper

than the -200 cm/s peak at 25 cm depth for Case 3. The air

pressure also indicates the increase in permeation of the soil;
the air is supporting at least part of the pressure loading down

to over 125 cm depth for Case 4, but only to 50 cm for Case 3.
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DICE 3280 CASE 3 .
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Figure 3.33. Soil Velocity Versus Time at Various Station Depths
for Case 3 (D = 0.05 cm).
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Figure 334 (a) Soil, Air and Total Stress Versus Depth, and

(b) Soil and Air Velocity Versus Depth at
t .001 Seconds for Case 4 (D =0.142 cm).
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Figure 3.35. (a) Soil, Air and Total Stress Versus Depth, and 7
(b) Soil and Air Velocity Versus Depth at -

t = .050 Seconds for Case 4 (Dp=0.142 cm).
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Figure 3.36. (a) Soil, Air and Total Stress Versus Depth, and
(b) Soil and Air Velocity Versus Depth at

t = .100 Seconds for Case 4 (Dp=0.142 cm).
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Figure 3.37. (a) Soil, Air and Total Stress Versus Depth, and
(b) Soil and Air Velocity Versus Depth at

t = .200 Seconds for Case 4 (Dp=0.142 cm).

105

Z............. ... .. ................... ........
.. . .. .... .... ... _ .. ._ .. .. _.. .. ,,..... .. ... ,i -.,- < .- ... . . . . . . . . . . . . . . .. ... .... .... . . .,-...... . . ....... .. "........'.



-7-7~ 071- 77

I

CALIFORNIR RESEARCH AND TECHNCLOGY. !NC.
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Figure 3.38. (a) Soil, Air and Total Stress Versus Depth, and S
(b) Soil and Air Velocity Versus Depth at

t : .300 Seconds for Case 4 (Dp=0.142 cm).
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By t .100 s pore air pressure has increased to over 175 cm

depth compared to -75 cm depth for Case 3.

Figure 3.37 shows that by t = .200 s fluidization of the

soil has occurred to -60 cm depth for Case 4 compared to only

-25 cm depth for Case 3. By t - .300 s Figure 3.38 shows

fluidization down to almost 140 cm depth.

At t .400 s the entire 200 cm depth column is fluidized in

Case 4, compared to -70 cm for Case 3. Figure 3.39 shows that

air is supporting the entire load; the entire fluidized column is

moving upward, with peak velocity at the surface of -190 cm/s for ..

the air and almost 150 cm/s for the soil particles. For Case 3 .
both the air and soil is moving upward at -40 cm/s at the

surface.

Figure 3.40 shows the air overpressure time histories at

various station depths for Case 4. Each station realizes higher

peak air overpressures than in Case 3, and at earlier times. The

larger particle size (and thus increased permeability) in Case 4

allows the air to permeate the soil faster and to greater depths

for the same surface pressure loading. This allows the soil to

be fluidized at earlier times, which is seen in the soil velocity
time histories in Figure 3.41. Equation 3.2 indicates that the

earlier time leads to a stronger upward pressure force at that

depth for the fluidized soil in Case 4. The resulting upward

soil velocities are over three times larger than calculated in

Case 3.
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Figure 3.40. Air Overpressure Versus Time at Various Station
Depths for Case 4 (Dp 0.142 cm).
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3.3 COMPARISON OF NUMERICAL SIMULATIONS WITH EXPERIMENTS

Although the DICE simulations were not performed in order to
3

duplicate the laboratory experiments of Zernow et. al. qualita-
tive comparisons can be made. Both are one-dimensional in nature

with similar pressure loading characteristics at the soil/sand

surface.

Figure 3.2 shows the observed surface load overpressure time

histories used for the two types of laboratory experiments and

the overpressure loading function Used in Cases 1 to 4. While

the initial peak overpressure is 6.89 bars for all three, the

decay in time varies. The exponential decay function used in the

numerical simulation has a decay rate which puts it between the

1.36" diameter orifice experiments and the 1.78" experiments up

to time t = .600 s. The 1.78" experiments have the fastest decay

rate with a positive phase duration of -.450 s.

* .In the laboratory experiments, the bottom of the sand column

(-b ft) was restricted from moving downward. In the numerical

simulation a continuum boundary condition is imposed at the grid

* . bottom (-200 cm), allowing soil and air to flow through thet

* . bottom. Case 1 showed that the unfluidized soil essentially
* . moves downward as a rigid body (see Figure 3.17). The fluidized

soil can then be thought of as moving upward relative to the

urifluidized soil.

Figure 3.42a shows the time histories of the positions (or

trace) of various soil marker points for Case 1. These tracer

points move with the local soil velocity at any given time. Up

to t =.200 s there is an apparent uniform downward translation

of the tracer points throughout the column. The actual soil
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surface (represented by the tracer initially at 0 cm depth) is
depressed 7.5 cm by t = .200 s. The depth of fluidization is

* 40 cm at this time; below 40 cm all tracer points have moved

8.4 cm indicating that the unfluidized soil behaves uniformly at

the modeled depths.

A measure of the fluidized soil motion with respect to the

unfluidized soil can be obtained by measuring the tracer point

positions against the tracer point which started at 175 cm depth

(and remains in essentially unfluidized soil). Figure 3.42b P

shows the tracer positions with the adjustment made to all tracer

points. The depth to which significant motion due to fluidiza-

tion occurs is now seen more clearly. The surface tracer point ,-.

moves up almost 25 cm with respect to the unfluidized soil; the |

tracer point i iitially at 100 cm depth moves up -2 cm.

Figure 3.43 shows the unadjusted and adjusted surface tracer

point positions versus time for Cases 1 to 4. The same adjust-

ment made in Case 1 is also made in Cases 2 and 3. For Case 4

there was no adjustment made because by t .400 s the entire

modeled soil column was fluidized. Figure 3.43 reveals the

essential differences between the DICE cases. Increased soil

permeability (due to increased characteristic particle size

diameter) results in larger surface displacements due to the pore

air phenomena. In the absence of gravity (Case 3) there is also

increased surface displacement for a given permeability. L

The adjustment of the tracer positions allows comparison of

the relative motion of the fluidized soil in the calculations to

the motion of the soil observed in the experiments. Figure 3.44

compares the surface displacement observed in the experiments

with the adjusted surface positions calculated in Cases 1 and 2.
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Case 1 is remarkably similar to the 1.78" test. Both surfaces

start to move upward at t -.200 s and maintain an approximately

constant upward velocity until t -.400 s. By t = .450 s the

1.78" tests no longer have any surface pressure loading (see

Figure 3.2). Since there is no longer a decrease in pressure at

the surface, the upward pressure force is no longer sustained

since the upward moving pore air serves to balance out the pore

air pressure differential. Eventually the sand motion is

dominated by gravity as the air can no longer drag the fluidized

sand with it. By t -.550 s the sand starts to fall back. On the
other hand, the surface pressure loading in Case 1 is still

decaying with time having not decayed quite as rapidly at the

1.78" experiments up to t -.400 s. Thus, there is still an

upward pressure force experienced by the air to at least 5

t -.600 s.

The surface tracer for Case 2 also started to rise at

t -.200 s, but maintained a smaller constant upward velocity to

t -.500 s. However, the smaller displacements and velocities

compared to Case 1 are indicative of a smaller sustained upward

pressure force resulting from the permeability dependence of the

pore-air phenomena. -

The surface displacements for the 1.36" experiments do not

start to rise significantly until nearly t -.400 s due to the

slower rate of decay of the surface pressure loading than in the

1.78" experiments. However, the 1.36" experiments also exhibit a

constant upward velocity for a substantial length of time due to
the pore-air phenomena.

Figure 3.45 shows the position of the near-surface marked
sand layers in time for the 1.78" experiments compared to the
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equivalent adjusted soil tracer positions for Case 1. Again,

there are similarities between the two sets of curves. There is

a uniform rise of the near-surface layers beginning after

t .200 s and continuing beyond t .400 s. In the 1.78"

experiments the sand starts to move upward more abruptly and "'f""-

faster than in Case 1, probably due to the more rapid decay rate .

of the surface pressure loading. The deeper layers for both
appear to start moving upward at slightly later times than those

at the surface, indicating the downward progression of fluidiza-

tion. After t = .500 s the soil is continuing to rise for Case

1, although decelerating, whereas in the 1.78" tests the sand is

beginning to fall downward due to the end of any surface pressure

loading at t .450 s.

Figure 3.46 compares the adjusted near-surface soil tracer

positions of Cases 1 and 2. Evident is the slower rise of the

soil in Case 2. The surface tracers begin to move upward just

after t -.150 s for both cases, while the tracer originally near

15 cm depth starts moving upward near t -.200 s for Case 1 and

t -.300 s for Case 2, indicating a slower downward progression of

fluidization in Case 2.

Figure 3.47 shows the time of fluidization at various depths

for Cases 1 to 4. Fluidization as defined here occurs when the

soil particles are supported entirely by air, i.e., the pressure

associated with the particles supporting each other is zero. For

Case 1 the "fluidization front" moves down through the soil at

-4 m/s. The fluidization front moves more slowly at - m/s for

the less permeable soil modeled in Cases 2 and 3. In Case 3, the

soil at a given depth is fluidized earlier than in Case 2 because 0

there is no initial lithostatic pressure distribution in the soil
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to be overcome by the air before fluidization occurs. The highly

permeable Case 4 yields a fluidization front velocity of -7 m/s.

Some measurements of overpressure time histories were

obtained at selected depths in the sand column for the laboratory -""

experiments. The available data is suhmarized in Table 3.1.

These can be compared with similar data from Cases 1 to 4.

Figure 3.48 shows the calculated peak air overpressures

versus depth for Cases 1 to 4 compared to the observed experi-

mental data. The more permeable modeled soils (larger particle

size) allow more air to penetrate to a given depth, yielding

higher overpressures. All cases display an exponential decay

with depth of the peak overpressure related to the decay of the

surface loading. The less permeable modeled soils yield more

rapid decay rates with depth. The Case 2 and Case 3 curves

indicate that down to 200 cm depth there is essentially no

gravity dependence on the peak pore-air overpressure attained at

a particular depth.

, The 1.36" standard sand tests appear to exhibit a decay in

peak overpressure similar to that of Case 1; the observed peak

overpressures are slightly lower than calculated for Case 1. The

observed peak overpressure for the 1.78" tests at 152 cm depth is

comparatively lower than for the 1.36" standard sand tests at

146 cm depth. With the more rapid decay (and thus shorter

duration) of the surface pressure loading for the 1.78" tests,

less air is forced into the sand column than for the longer

duration 1.36" tests over an equivalent length of time. Less air

P will result in lower peak air overpressures at a given depth for

sands of equivalent permeability and porosity.
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For the same surface pressure loading the peak air over-

pressures are expected to be larger for the more permeable coarse .

sand than for the standard sand. At the 146 cm depth this is

true. The 83 cm depth data point for coarse sand appears to be

anomalous in this regard, and is left unexplained by

Zernow et al. 3

Related to this anomoly could be the drastically reduced

main surface displacement for the coarse sand experiment when

compared to the standard sand (see Figure 3.4). The DICE

calculations assume homogeneous soil mixtures whose perme- . -

abilities are determined by the soil porosity and the character-

istic particle size diameter. The calculations showed that

increased permeabilities result in increased surface lofting as

well as higher peak pore-air overpressures at a given depth. In

the coarse sand experiments, however, a breakdown in the homo-

geneous sand lattice during the surface pressure loading or

during subsequent soil expansion could cause relatively large

diameter air channels to develop. This would allow the pore-air

to vent more readily and directly upward through the channels.

Thus, there would be a decrease in the sustained upward internal .. .-.--

force (drag) available to loft the sand upward.

Figure 3.49 shows the calculated peak air overpressure

arrival times versus depth for Cases 1 to 4 and the observed

experimental data from Table 3.1. Figure 3.50 compares the times

at which the air overpressure first achieves 10% of its peak at a

particular depth. The more permeable modeled soils allow air to

travel faster down through the soil, yielding earlier arrival

times for both the peak overpressure and 10% level. The slope of

the peak arrival time versus depth for each case is remarkably

similar to those in Figure 3.47 which shows the soil fluidization
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time versus depth. For Case 1 the peak air overpressure appears

to move down through the soil at -4 m/s. The less permeable

soils of Cases 2 and 3 yield -2 m/s, while the highly permeable

Case 4 yields -6 to 7 m/s. For each case there is also a delay

of -.080 to .120 s after the arrival of the peak overpressure at
a given depth until soil fluidization begins at that depth. The .

1.36" experiments also yield earlier arrival times for the more

permeable coarse sand as compared to the standard sand. The data

fall around the curves for Case 1 but the slopes of lines through

the data would indicate faster velocities for the peak over-

pressure and 10% level.
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SECTION 4

MISERS BLUFF 11-2

4.1 EXPERIMENTAL RESULTS

The MISERS BLUFF 11-2 experiment involved the simultaneous

detonation of six high-explosive charges (120 ton) forming a.

hexagon 100 m on a side. Figure 4.1. shows the experimental

configuration and the measurement gauge locations for data used

in this report. Details of the experiment can be found in

Reference 1.

Figure 4.2 shows the overpressure time history (after

detonation) measured at various azimuthal angles, all 25 m from

the center of the hexagon. Three separate peaks are evident at

* each angle, although not as distinct at 00. The time histories

for the two gauges at 300 and 210* are very similar. By

*t = .150 s the positive phase has ended for each, and a small

negative phase is sustained until t -.400 s.

Figure 4.3 shows various vertical velocity time histories of

ground motion gauges originally at 0.5 m depth and 25 m radius.

The azimuthal angles are different from those for the overpres-

sure time histories. Figure 4.4 shows the corresponding vertical

* displacement of each gauge as a function of time. The velocities

and displacements are very similar for each gauge. Up to

t -.125 s the ground motion is downward, corresponding to the

airblast pressure load pushing down at the surface. Peak

downward velocities are 5 to 10 in/s. From t -.125 s to t -.450 s9

the ground motion is upward, with peak velocities of -5 rn/s at

t -.300 s. Peak upward displacements of -1 m are achieved. This
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Figure 4.1. Location of Charges and Various Measurement
Gauges in MISERS BLUFF 11-2.
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Figure 4.2. Airblast Time Histories Measured at 25 m Radius-

in MISERS BLUFF 11-2.
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sustained upward motion is similar to the motion seen in the

laboratory experiments described in Section 3; however, now the-5

upward velocities are associated with negative pressures. From

t -.450 s to t -.850 s the ground motion is again downward, after

which time the velocities oscillate about zero.

4.2 NUMERICAL SIMULATION

A numerical calculation (Case 5) was performed with the

multiphase DICE code in order to examine the apparent pore-air

phenomenology seen in the ground motion data of MISERS BLUFF

11-2. The calculation was designed using one-dimensional (l-D) ..-

planar geometry in the vertical direction, with a surface

overpressure loading function defined by an approximation to the S

airblast measured at 25 m radius from the center of the array.

Figure 4.5 shows the overpressure loading function used in

Case 5, along with the airblast measured at 300 and 2100 for

comparison. There are three distinct peaks which occur in the

loading function before t -.110 s after detonation; the magni-

tudes are 6.5 bars at t .045 s, 12.8 bars at t - .063 s, and

7.7 bars at t = .102 s. The measurements showed larger peaks .

occurring a couple of milliseconds earlier than the assumed

loading function. A negative phase occurs after t -.150 s with

overpressures reaching -0.8 bars. By t -.400 s the overpressure

loading function becomes zero. I

Figure 4.6 shows the recommended calculational soil profiles

from Reference 11 developed to characterize the subsurface

layering beneath the 1200 and 300' radials of MISERS BLUFF 11-2.

Figure 4.7 shows the same for the sing',e charge event MISERS

BLUFF II-i, held -400 m away from event 2. It is this profile

S13L3
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Figure 4.5. Overpressure Loading Function Versus Time Used in
DICE Case 5 and Airbiast Time Histories Observed
in MISERS BLUFF 11-2.
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which was used in determining the soil layer thicknesses used in

Case 5.

Figure 4.8 shows the 1-D grid used in the calculation.

Three soil layers are used to model the site. The top soil layer

consists of five 0.12 m cells. Each subsequent cell in Layer 2

is 10% larger than the cell above it, down to 7.35 m depth.

Thereafter the cells are uniform (0.73 m) down through Layer 3.

Table 4.1 defines the MISERS BLUFF 11-2 material properties
used to model each of the three soil layers. Each soil layer is

modeled using only one characteristic particle size, which is

estimated from data found in Reference 12. The permeability

model discussed in Section 2.3 yields permeability as a function

of porosity and particle size. The remaining material properties

are from Reference 11. The initial densities increase with

depth, with the corresponding initial porosities decreasing with

depth from 44% to 1%. In addition, hysteresis effects are

included and the modeling is described on Table 4.1. The loading

and unloading constrained moduli for each layer were determined

from the stress-strain curves in Reference 11.

The initial modeled permeabilities for Case 5 are much
smaller than in Cases 1 to 4. In Cases 1 to 4 the initial 7
permeabilities were in the 10 - I0a Darcy range. In Case 5, the

initial permeabilities are different in each modeled soil layer -

k-.04 Darcy for the top layer, k -70 Darcy for Layer 2 and

k -. 003 Darcy for Layer 3. One of the results of a decrease in

permeability was seen in the Case 3 and Case 4 comparison, which

demonstrated that the air would permeate the soil slower and to

shallower depths for the same surface pressure loading and

equivalent porosities. In effect, the internal interaction
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to Soil Surface
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Figure 4.8. Grid Used for DICE 1-D MISERS BLUFF 11-2
Calculation, Case 5.
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forces between the air and soil particles (i.e., drag) are

increased with a decrease in permeability, so that the relative

* velocities will be smaller.

Case 5 includes the effects of a uniform gravitational field

(g = 980 cm/s 2). This requires an initial lithostatic soil

pressure at depth to support the weight of the total amount of

soil above that depth. The initial pore-air pressure was taken

to be 1 atm, uniform in each layer.

Figure 4.9 to 4.13 shows the pressure and velocity distri-

butions for soil and air from t = .047 s after detonation to

t = .600 s. The first airblast peak (6.5 bars overpressure) in

the loading function occurs at t = .043 s. Figure 4.9 shows that

the relative velocity between the soil and air is essentially

zero, due to the low permeability of the top soil layer. This

contrasts with the large relative velocities seen in Case 1 (see

Figure 3.9) shortly after the initial application of the surface

pressure load. For Case 5, the soil is supporting virtually all

of the overpressure load, except for a small amount supported by

the air which has barely begun to permeate the soil near the

surface.

Figure 4.10 shows that by t .101 s all modeled soil layers

have been affected by the airblast, which is at its third and

final peak of the positive phase. The soil and air are moving

downward together - almost 1 m/s at the surface and -0.4 m/s at

13 m depth. At the interfaces between each soil layer (-0.6 m

and -4.8 m depths) discontinuities in the material properties

cause propagation of reflected/transmitted pressure and velocity

waves. -
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Figure 4.9. (a) Soil, Air and Total Stress Versus Depth, and
(b) Soil and Air Velocity Versus Depth at

t =.047 Seconds for Case 5 (MBII-2).
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Figure 4.10. (a) Soil, Air and Total Stress Versus Depth, and
(b) Soil and Air Velocity Versus Depth at

t .101 Seconds for Case 5 (MBII-2).
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a (b) Soil and Air Velocity Versus Depth at
t .600 Seconds for Case 5 (MBII-2).
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By t =.203 s the airbiast is in its negative phase (-0.8

ri bar overpressure). Figure 4.11 shows that all of the soil in
Layer 1 and part of Layer 2 (to -2.0 m depth) is fluidized. The

soil and air are moving upward above -1 m depth in the soil with

a peak velocity of over 12 rn/s at the surface; the surface has

risen -0.5 m by this time.

For DICE Cases I to 4, fluidization at depth occurred as a
* result of enough air permeating the soil for the pore-air to

support the positive (decaying) over-pressure load applied at the
* surface. The same effect is achieved when a negative overpres-

* sure load is applied, even in the absence of a positive phase.

* The negative overpressure permits the pore-air to support the

reduced pressure load. And, the pore-air expands to reach

pressure equilibrium with the applied surface "underpressure".

By t .400 s the surface overpressure loading has returned

to zero. Figure 4.12 shows an air pressure minimum at -1 m above

the original ground surface. The resulting pressure gradient

causes downward acceleration for the near-surface material.

Peak downward velocities of almost 5 rn/s exist at the surface,

* which has been raised almost 2 m above the original surface.

Peak upward velocities of -7 m/s are present at -1.0 m above the

* original ground surface. The difference in velocities, although

still small, between the soil and air in the 0 to 2 m depth

region occurs in soil Layer 2, where the permeability is 103

times larger than in Layer 1.

The surface overpressure load remains at zero after

t .400 s. Figure 4.13 shows that by t -. 600 s the pressure

minimum has moved down to -1.5 m depth, where the peak upward .-

velocities are -2 rn/s for the soil and air. A peak downward
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velocity of over 4 rn/s is seen at the surface. All of soil

Layer 2 is moving upward at this time; below the interface

between Layer 2 and 3 the velocities are relativey small. -

The use of an approximate airbiast function based on data

measured in MISERS BLUFF 11-2 permits direct comparison with P
measred _qLpund motion data. In Figures 4.14 and 4.15 the
velocity and displacement time histories of the tracer point

originally at 0.5 m depth are compared with the ground motion --

. -4 1

data measured with the four gauges originally at 0.5 m depth.

Phenomenologically the agreement appears good. Up to t -.150 s

the calculation and data show downward motion, though the

calculated motion is not as large as measured. This could he due

to the smaller peak pressures assumed in the loading function

(see Figures 4.2 and 4.5). Both curves show a sustained upward
velocity (in the negative overpressure phase) from t .150 s to

t -'.400 s, with the calculated velocities and displacements being
somewhat larger than measured. After this time the motion is

again downward for both. Results from the Case 5 calculation

indicate the primary role of pore-air phenomena in causing the
sustained upward ground motion data measured in MISERS BLUFF

1-2.
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